Abstract: Iron(III) form an indigo-blue complex with the disulphonated product of hydroquinone (K 2 S 2 Hy) in acid media with an absorption maxima at 600 nm. The time stability of the complex, dependence of the complex absorbance on pH and the influence of temperature and solvent were followed on the basis of spectrophotometric measurements. Using the Job, mole ratio and Henry-Franck-Ostwald methods, the composition and relative stability constant of this complex, in 80 vol.% ethanol as solvent, were determined (1:1; log b' 293 = 3.37). A new spectrophotometric method for the determination of iron has been developed and the calibration curve is linear in the concentration range from 0.65 to 6.45 mg cm -3 . The effects of foreign ions on the determination of iron were investigated in order to assess the selectivity of the method. The method was applied for the determination of Fe(III) in the natural juice of beet.
INTRODUCTION
Literature data show that many metal ions form coloured complexes with many aromatic hydroxy compounds and their sulphonated products, which can be used for the development of spectrophotometric methods for the determination of microamounts of these ions in solutions. The spectrophotometric determination of iron(III) is mostly carried out on the basis of the formation of coloured complexes with phenolate type reagents. [1] [2] [3] [4] [5] There are some data in the literature about complex between Fe(III) and some sulphonated phenols. Fe(III) forms a blue complex with 1,2-dihydroxybenzene-3,5-disulphonic acid (tiron) at pH < 5.6 (composition 1:1); a purple complex at 5.7 < pH > 6.9 (1:2; log b' = 13.12) and red complex at pH > 7 (1:3; log b' = 8.85). 6 Tiron has also been used as the chromogenic reagent for sequential injection analysis for the quantitative discrimination of the two iron species, Fe(II) and Fe(III). 7, 8 Pink complex with an absorption maximum at 504 nm forms between Fe(III) and disulpho-1,3-dihydroxybenzene (sulphonated res-orcinol). The composition of this complex is 1:1 with log b' = 3.32. 9 The monosulphonated product of 1,2,3-trihydroxybenzene (sulphonated phlorglucinol) forms a dark-red complex with an absorption maximum at 490 nm (1:1 with log b' = 3.84) 10 while the monosulphonated product of 1,3,5-trihydroxybenzene (sulphonated pyrogallol) forms a green complex with an absorption maximum at 680-700 nm in a water-ethanol mixture (composition 2:1), which was used for the development of a new method for the determination of Fe(III) in the concentration range from 0.56 to 3.36 mg cm -3 , with a relative error between 0.54-1.92 %. The method was applied for the determination of iron in mineral water. 11 The aim of this work was to establish the composition and stability constant of the Fe(III)-disulphonated 1,4-dihydroxybenzene (sulphonated hydroquinone) complex and develop an analytical method for the determination of Fe(III) ions in solution.
EXPERIMENTAL

Apparatus
A spectrophotometer UV/VIS Perkin-Elmer Lambda 15 with 10 cm cells connected to thermocirculating bath was used. A 716 DMS Titrino was used to measure the pH values of the solutions and Sigma buffers in aqueous solutions, pH 7 ± 0.01 and pH 4 ± 0.01 were used for the calibration of the pH-meter. Soccorex automatic macropippetes (0.2-2.0 cm 3 and 0.5-5.0 cm 3 ) were used to measure the exact volume of the solutions.
Reagents
All reagents (potassium salt of hydroquinone disulphonic acid, iron(III) chloride, sodium perchlorate, perchloric acid, ethanol were of p.a. quality from Merck except ethanol which was from Zorka. A solution of the potassium salt of hydroquinone disulphonic acid was prepared by dissolving the appropriate amount of the substance in a 0.1 mol dm -3 solution of HClO 4 , at the beginning of eash working day. The stock Fe(III) solution (6´10 -2 mol dm -3 ) was also prepared by dissolving FeCl 3´6 H 2 O in 0.1 mol dm -3 HClO 4 . The working solution was obtained by diluting the stock Fe(III) solution in 0.1 mol dm -3 HClO 4 . The solutions of metal and ligand were prepared in HClO 4 because they are more stable in this medium and hence the reproducibility was improved. The ionic strength was kept constant at 0.1 by adding appropriate amounts of NaClO 4 solution (1.5 mol dm -3 ). The pH of the solutions was adjusted with HClO 4 solution (0.1 mol dm -3 ).
All the glassware used was washed with aqueous HCl (1:1) and then thoroughly rinsed with tap, distilled and finally deionised water.
Procedure
After addition of metal, ligand and electrolyte for the ionic strength, the total volume of 5 cm 3 of the aqueous part of the mixture was completed the of 0.1 mol dm -3 HClO 4 , to enhance the reproducibility of the measurements, and the 25 cm 3 volumetric flask was filled with 95 % ethanol. The volumetric flask was thermostated at the working temperature of 20°C and after a minimum of 15 min (after which the absorption maximum and absorbance did not change), the spectra were recorded using 80 vol% ethanol as the reference. The absorption spectra of FeCl 3´6 H 2 O and the potassium salt of hydroquinone disulphonic acid were recorded in water as solvent, which was also used as the reference.
RESULTS AND DISUCSSION
Absorption spectra and optimal reaction conditions
The adsorption spectra of FeCl 3´6 H 2 O (c = 6´10 -3 mol dm -3 ), potassium salt of hydroquinone disulphonic acid (c = 6´10 -3 mol dm -3 ) and their mixture (c Fe(III) = c K2S2Hy = 1.2´10 -3 mol dm -3 in water as solvent) were recorded ( Fig. 1 curves 1 , 2 and 3, respectively). A new absorption maximum at about 600 nm appeared which indicated the formation of the complex. In this wavelength range, the constituents of the complex do not absorb. A maximum at 450 nm also developed which was the result oxidation of the ligand and its intensity increased with time while the absorbance of the complex decreased ( Fig. 1 curve 3' ). Literature data show that phenols and their derivates can be oxidized by air oxygen in basic media or by some metal ions in acid media. 12 Because of this, absorption spectra of the complex were recorded in different water-ethanol media with the aim of determining the optimal solvent. The maximum of oxidation product disappeared in 80 vol.% of ethanol (c Fe(III) = c K2S2Hy = 2.4´10 -4 mol dm -3 ) (Fig. 1 curve 4 ) which means that all the added quantities of metal and ligand take part in the complex formation. It can be seen that the complex in ethanolic media has a higher absorbance at lower concentrations of the constituents, which is important for the sensitivity of the developed analytical method. In the first few minutes, the absorbance at 600 nm decreases and after then it remains constant in another for at lest 60 min. All of the spectra of the solutions wee recorder after waiting for at least 15 min.
The dependence of the absorbance of the complex on pH was also investigated, the pH of the solutions being adjusted by the addition of HClO 4 and NaOH. This dependence has a maximum at a pH of about 3 which was the pH of the basic solution (Fig. 2) . However, because of the chosen experimental procedure, the working pH was lower (pH 2.60).
The influence of temperature on the absorbance of the complex is shown in Fig. 3 . It can be seen that the absorbance of the complex decreases with increasing temperature, which means that the complexing reaction is exothermic.
Composition and stability constant of the complex
The stoichiometric ratio of Fe(III) and K 2 S 2 Hy in the complex was determined using the Job method. 13 Solutions of FeCl 3´6 H 2 O and K 2 S 2 Hy of the same concentration (3.12´10 -4 mol dm -3 ) were prepared and then mixed in the volume ratio from 1:9 to 9:1. The Job curve of this system at pH 2.60 and I = 0.1 is shown in Fig. 4 . The maximum at X L = 0.5 indicates the formation of the complex in which the metal:ligand ratio is 1:1. The composition of the complex was also determined by applying the mole ratio method. 14 A series of solutions were prepared with a constant concentration of FeCl 3´6 H 2 O (7.8´10 -3 mol dm -3 ) and variable K 2 S 2 Hy concentrations (1.25 -6.24
10 -4 mol dm -3 ). It can be seen (Fig. 5 ) that the metal:ligand ratio in the complex is 1:1, which agrees with result obtained by the Job method. The form of this curve (after ratio 1:1, a continual increase of the absorbance of the complex with increasing ligand concentration) also indicates that a complex of lower stability was formed.
The causine stability constant log b' was determined using the Henry-Franck-Ostwald method. 15 which is valid for complexes where the metal:ligand ratio is 1:1. In Eq. (1), a is the molar absorption coefficient of the complex, which can be determine from the slope of the straight line and b is the relative stability constant
r , calculated from the intercept. The obtained straight line confirms the previous results that a complex having a 1:1 composition was formed. The calculated stability constant is log b' 293 = 3.37.
Calibration curve
A calibration curve (Fig. 7) was constructed using the data obtained by the absorbance measurements of solutions with a constant concentration of K 2 S 2 Hy (3.12´10 -4 mol dm -3 ) and variable Fe(III) concentrations. At higher concentrations of ligand, a precipitate formed which defined the maximum concentration ratio and hence the sensitivity of the developed method. The concentration of the ligand was also limited by its solubility. The linear dependence of the absorbance on the iron(III) concentration obeys the equation:
for an iron concentration of 0.65-6.45 mg cm -3 and t = 20°C. The statistical data obtained using three different concentrations and five repetitions are shown in Table I . The relative error of the method ranges from 0.46 to 6.69 % for the concentration range used. The interference effect of many cations and anions on the determination of iron (c Fe = 2.42 mg cm -3 ) and the tolerance limits of the interfering ions are given in Table II . It can be seen that Al 3+ , Cr 2 O 7 2-(significant decrease of absorbance) and Ba 2+ (some deposit occurred) interfere the complex formation reaction. 
Application of the method
The method was applied to the determination of iron(III) in natural juice of beet. A sample was prepared as follows: 50 g of juice (squeezed from beet) was dried in a water bath and subsequently pyrolyzed at temperature T = 720-770 K for 24 h. The cold residue was put into a glass and 1-2 cm 3 of deionizated water were added. Then 1 cm 3 of concentrated HNO 3 was added and the sample was boiled dry again and dissolved in 2 cm 3 of concentrated HNO 3 and diluted up to 50 cm 3 with daionizated water. 16 The procedure for the determination of iron(III) in the prepared sample using the method of standard addition was as follows: 0.8 cm 3 Fe(III) c = 1.35´10 -3 mol dm -3 (as the standard addition), 1 cm 3 K 2 S 2 Hy c = 7.8´10 -2 mol dm -3 , 1.7 cm 3 NaClO 4 c = 1.5 mol dm -3 , 1 cm 3 HClO 4 c = 0.1 mol dm -3 , 0.5 cm 3 of sample and 20 cm 3 95 % ethanol were poured into a volumetric flask and thermostated at 20°C. The pH value of this mixture was about 2.60±0.04, which was the pH of the solutions from which the calibration curve was constructed. After 15 min, the absorption spectra were recorded and the concentration of iron was calculated from Eq. (2). The AAS method 17 of standard addition was used as the standard method and the obtained results are given in Table III . The values for the natural juice of beet sample are in good agreement with those obtained by the AAS method. From these results, the method seems to be applicable for the determination of soluble iron. Fe(III) ions form an indigo-blue complex with disulphonated hydroquinone in water-ethanol media with l max = 600 nm at pH 2.60. The composition and relative stability constant were determined (1:1, log b' 293 = 3.37). The formed complex is less stable than other sulphonated hydroxybenzene complexes. Nevertheless, using the optimum conditions for complex formation, a new spectrophotometric method was developed for the determination of iron(III) in the concentration range of 0.65-6.45 mg cm -3 , which has a good sensitivity for this type of analytical methods.
